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Storm Gloria, generated on January 17th, 2020 in the Eastern North Atlantic, crossed
the Iberian Peninsula and impacted the Western Mediterranean during the following
days. The event produced relevant damages on the coast and the infrastructures at
the Catalan-Balearic Sea, due to extraordinary wind and wave fields, concomitant with
anomalously intense rain and ocean currents. Puertos del Estado (the Spanish holding
of harbors) has developed and operates a complex monitoring and forecasting system
(PORTUS System), in collaboration with the Spanish Met Office (AEMET). The present
work shows how Gloria was correctly forecasted by this system, alerts were properly
issued (with special focus to the ports), and the buoys were able to monitor the sea
state conditions during the event, measuring several new records of significant wave
height and exceptional high mean wave periods. The paper describes, in detail, the
dynamic evolution of the atmospheric conditions, and the sea state during the storm.
It is by means of the study of both in situ and modeled PORTUS data, in combination
with the AEMET weather forecast system results. The analysis also serves to place
this storm in a historical context, showing the exceptional nature of the event, and
to identify the specific reasons why its impact was particularly severe. The work also
demonstrates the relevance of the PORTUS System to warn, in advance, the main
Spanish Ports. It prevents accidents that could result in fatal casualties. To do so, the
wave forecast warning performance is analyzed, making special focus on the skill score
for the different horizons. Furthermore, it is demonstrated how a storm of this nature
results in the need of changes on the extreme wave analysis for the area. It impacts all
sorts of design activities at the coastline. The paper studies both how this storm fits into
existing extreme analysis and how these should be modified in the light of this particular
single event. This work is the first of a series of papers to be published on this issue.
They analyze, in detail, other aspects of the event, including evolution of sea level and
description of coastal damages.
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INTRODUCTION
Wave storms strongly hamper the activities in harbors. These
extreme phenomena drive complex hydrodynamic processes,
whose understanding is paramount for proper infrastructure
management, design, and maintenance (Goda, 2010). The
Spanish Mediterranean coast registers about an average of 8
storms per year (Puertos del Estado, 2017). One of the most
recent and most severe events, since buoy records started in
1985, occurred in November of 2001 (Gómez et al., 2002).
The coastal buoy of Tarragona, located at the entrance of the
Tarragona Harbor, measured a maximum hourly significant wave
height of 3.46 m. However, Storm Gloria, which took place in
January of 2020, surpassed this event with unprecedented wave
heights, wave periods, and storm duration. It toppled all present
understanding of the wave climate in the Spanish Mediterranean.
Any future decisions would require a further understanding of
what happened, as well as a robust early warning system.
The Storm Gloria was formed in the North Atlantic, during
mid-January 2020 (Lopez-Bustins and Martin-Vide, 2020). It was
driven by a strong North–South atmospheric pressure gradient,
which was linked to a record breaking high atmospheric pressure
system, of 1,050 hPa, over the British Islands. Exceptional Eastern
winds originated in the Ligurian Sea and drove right into the
Eastern coast of the Iberian Peninsula. It passed over Northern
Spain and stalled in the western Mediterranean for several
days, with high winds and heavy rainfall. From January 19th to
24th, the whole eastern part of the Iberian Peninsula suffered
intense precipitation (up to 400 mm per day), accompanied by
strong winds (mean values of 54 km/h and wind gusts of up to
140 km/h), a pronounced increase in the sea level (up to 0.6 m),
record wave height that surpassed 8 m (ICM-CSIC, 2020), and
unusual wave mean periods (over 9 s).
Significant damage was caused to the coasts of the Balearic
Islands and the Mediterranean coast of the Iberian Peninsula
(Pérez-Gómez et al., unpublished). According to a statement
released by the Spanish Council of Ministers, on January 28th
of 2020, the combination of strong winds and heavy rain caused
storm surge, inland flooding, and mudslides across the country,
leaving 14 casualties and 3 missing people. The Copernicus
Emergency Management Service (EMS)1 reported that Gandia
and Valencia Harbors were closed to shipping traffic, that the
storm surge swept 3 km inland, destroying rice paddies and
coastal features in the Ebro river delta, and that major damages
were caused to beaches in the Barcelona and Valencia areas.
The Ebro river delta is characterized by a delicate ecosystem,
which was already vulnerable to any major wave storm, before
Gloria (Sánchez-Arcilla et al., 2016). Storm Gloria was probably
worsened by the density of infrastructure at a short distance
from the coastline. Near the coast, the erosion and flooding
that affected the region were further aggravated by the record
wave heights. Furthermore, Amores et al. (2020) demonstrated




Projections on Climate Change foresee a future with higher
mean sea level (Qin et al., 2014) and a greater frequency of
extreme events (Mitchell et al., 2006; Stott, 2016). In combination,
these have a multiplicative effect (Folt et al., 1999), exacerbating
both the floods and the destruction by extreme waves. It is
essential to have a multi-decadal-long and accurate observation
of the sea state, as well as to redesign the probability distribution
function of extreme wave heights, in the area. It urges to
determine the correct return period of extreme wave heights, in
order to forecast them more accurately.
Moreover, the harbor authorities often need to make
arrangements, several days in advance. It is fundamental to
check how the forecast system and the alerts worked during this
extreme event. The PORTUS System had been developed by PdE,
in collaboration with AEMET. It has been in operation, with a
downstream service, to alert the port authorities in case of risk,
for the last decade. Its ability to forecast the precise moment of
maximum wave heights, with a variety of horizons, would help
harbor authorities take vital decisions.
The present work intends to describe the synoptic conditions
and the wave conditions, to assess the forecast by this system,
the alerts (with special focus to the ports), and the performance
of the buoys that monitored the sea state conditions during the
event. The buoy in situ measurements and the reanalysis model
outputs also serve to place this storm in a historical context,
showing the exceptional nature of the event and identifying the
specific reasons why its impact was particularly severe. Moreover,
an extreme value analysis is carried out. The paper attempts to
include this storm into the existing extreme analysis, then goes
on to modify the latter, in the light of this particular single event.
This paper is part of an issue of a multiparametric study
of Storm Gloria on the Spanish Mediterranean coast. It only
analyzes the atmospheric wave conditions. For a more in-depth
study of the associated surge or the surface dynamics, please refer
to Pérez-Gómez et al. (unpublished) and Sotillo et al. (2021),
respectively. With respect to the coastal impacts, especially on
the Ebro Delta region (Figure 1), please refer to Lorente et al.
(2021). The manuscript is structured as follows: Section 2 outlines
the materials and the methods employed in this study, Section 3
shows the results, and Section 4 discusses the intricacies of the
results, as well as stating the conclusions for the study.
MATERIALS AND METHODS
Forecast and Observations of the
Atmospheric Conditions During Storm
Gloria
The global atmospheric conditions of Storm Gloria were
provided by the European Center for Medium Range Weather
Forecasts (ECMWF). The forecast system relies on the cy46r1
ECMWF Integrated Forecasting System (IFS) global model
(ECMWF, 2019). The horizon of prediction can be up to 72 h.
The exhaustive description of this model is out of the scope of
this work. HARMONIE-AROME is one downstream model to
ECMWF and is used to forecast winds on a finer mesh, over the
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FIGURE 1 | Map of the Spanish Mediterranean coast. It shows the location of the six buoys of PdE that provide the observations for Storm Gloria.
Iberian Peninsula and the Spanish Isles. Its horizon of prediction
can be up to 48 h. Therefore, for the horizon of prediction of
72 h, the wind forcings of the ECMWF are employed, despite
having a lower resolution than HARMONIE-AROME. During
Storm Gloria, the results of the HARMONIE-AROME forecast
system did not differ significantly from the results from ECMWF.
Therefore, the former was used to produce the forecasts for
wave conditions, along with the output by ECMWF, but is not
described again. Moreover, observed rain conditions are provided
by the meteorological stations of AEMET.
AEMET uses the HARMONIE-AROME model (Bengtsson
et al., 2017), operationally, to elaborate 48-h mesoscale
predictions with the 3-h analysis cycling. This Limited Area
Model (LAM) runs over two areas. One is centered over the
Iberian Peninsula and Balearic Islands. Another one is centered
over Canary Islands. In this study, only the Iberian domain has
been taken. It is formed by 1,152 × 864 grid points, and it has a
2.5-km horizontal resolution, 65 vertical levels, and a 60-s time
step. The model initial conditions are obtained through a 3D-
VAR upper air assimilation. It uses conventional observations, as
well as the SYNOP, AIRCRAFT, SHIP, DRIBU, TEMP, AMSU-
A, AMSU-B, MHS, and GNSS satellite information. The surface
model, SURFEX (Masson et al., 2013), uses optimal interpolation-
based methodology to generate the analyzed fields. The boundary
conditions are extracted from the cy46r1 ECMWF Integrated
Forecasting System (IFS) global model predictions. These are
provided to the LAM model, every 3 h.
AEMET runs the cy40h1.1 version, operationally, when
Storm Gloria affected the Iberian Peninsula. This model
version includes several improvements, which are described, in
detail, in Bengtsson et al. (2017).
Forecast and Observations and of the
Wave Conditions During Storm Gloria
Storm Gloria is described with the help of the forecast and
observations. PdE manages a complex oceanographic observing
system along the Spanish Coast. This system includes different
networks: deep water buoys, coastal buoys, tide gauges, and
HF radars. It maintains additional observing stations, as well
as a multifaceted database where all the information is saved,
conforming the PORTUS System (Álvarez-Fanjul et al., 2018).
The two observation systems that provide data for this study are
the Deep Water Buoy Network and the Coastal Buoy Network.
The Spanish Deep Water Buoy Network is composed by 15
measuring positions in open waters. It is moored in depths
between 400 and 2,000 m. These buoys transmit in real
time, by satellite. They are multiparametric platforms, which
provide, since the mid 1990s, directional waves (height, period,
and direction), meteorological parameters (air temperature,
atmospheric pressure, and wind speed and direction), and
oceanographic parameters (sea temperature, salinity, current
speed, and direction) (Álvarez-Fanjul et al., 2003). The Spanish
Coastal Buoy Network started in the early 80 s, with 9
measurement positions, close to the coast. These coastal buoys
measure directional waves and sea temperature and transmit
them by radio, in real time. Two of these stations measure, in
addition, meteorological parameters.
Data from both networks are being distributed through the
PORTUS System2, as well as the Copernicus Marine Environment
Monitoring Service (CMEMS) in situ products3. Additional
statistical information is published in the network-consolidated
reports. A total of six buoys were considered in this study.
All of those moored between the Iberia Mediterranean coast
and the Balearic Islands were included (Figure 1). That is,
those in the region that was most affected by storm Gloria:
Valencia, Tarragona, Cabo Begur, Dragonera, Mahon, and
Tarragona-coastal.
PdE provides an operational wave forecast for Spanish Port
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The forecasting horizon is 72 h, and the forecast is run twice a
day. The system is driven by wind fields provided by AEMET
and ECMWF, from the HARMONIE-AROME model and the
ECMWF IFS model. This operational wave forecasting system is
split in two different systems, one for the ocean scale and another
one for the coastal/local scale. The ocean system covers the North
Atlantic Ocean and the Mediterranean Sea, where waves that
propagate to the coastal Spanish areas are generated. At the
same time, the coastal and local scales cover multiple nested
applications, which simulate the propagation and generation of
waves, near and inside the harbors.
The ocean system is run with an implementation of the WAM
model (WAMDI Group, 1988; Günther et al., 1992). It is based on
WAM Cycle 4.5.4, a third-generation wave model. This system is
formed by a four-step nesting scheme going from 1/4◦ in deep
water to 1/36◦ spatial resolution near the continental shelf. The
system, in the first two domains, is driven by the ECMWF HRES
model (0.1◦ horizontal resolution). The third nesting step is split
in two domains, one covering the Iberian Peninsula and the
Balearic Islands and the second one covering the Canary Islands.
These domains are driven by the HARMONIE model, for the first
48 h of forecast, and by the ECMWF HRES model, for the last
24 h of forecast. Nested to the Iberian Peninsula domain, two
specific domains are thus nested in the fourth step of the wave
train. These domains cover the Balearic Islands and the Strait of
Gibraltar, with resolutions of 1.4 km and 700 m, respectively. At
all cases, directional wave spectra are discretized in 30 frequencies
and 36 directions.
The coastal and local systems require the SWAN model
(Booij et al., 1999) in multiple domains, which cover the coastal
areas, near the Spanish harbors. These applications provide wave
information near the harbors, as well as boundary conditions
for specific wave agitation inside the port applications. This
system has a spatial resolution between 400 and 100 meters,
depending on the specific domain. Wave spectra are discretized
with 35 frequencies and 72 directions. SWAN considers wind
wave growth and quadruplet and triad wave–wave interactions
plus depth-induced breaking. The operational setup uses Janssen
(1991) formulation for the wind wave growth, while non-linear
wave interactions are parameterized through the DIA scheme
(Hasselmann et al., 1985) and the LTA method (Eldeberky,
1996) at deep and intermediate waters, respectively. Regarding
sink terms, white-capping dissipation corresponds to the Komen
et al. (1984) formula and bottom friction dissipation from the
JONSWAP results (Hasselmann et al., 1973). Finally, depth-
induced breaking is triggered through the Battjes and Janssen
(1978) bore-based model.
Three statistical tools are used to evaluate the goodness of
the forecasting model of PdE. The first one is the scatter index.
Another one is a skill score based on the mean square deviation
(Murphy, 1988). A third one is a skill score based on the Hanna–
Heinold indicator (Mentaschi et al., 2013). The Hanna–Heinold
indicator is an improvement over the scatter index and the
conventional skill score. It is unaffected by bias. The scatter
index and the conventional skill score are smaller for models
with negative bias, so they can exaggerate the goodness of the
model, in these cases.
The PORTUS-wana wave forecast model can be run with
a reanalyzed wind to obtain reanalyzed wave conditions. In
this case, it is referred to as the PORTUS-wana reanalysis
model. These are the time series that are represented alongside
the observations.
The study site for the forecast of the overtopping is a
breakwater in Nova Bocana (New Mouth), Barcelona Harbor
(Catalonia, Spain). Specifically, it is the track with a vertical
section. The height from the base is 8 m. A local wave prediction,
with a resolution of 1 h, is implemented in this harbor. It is
called SAPO, and it forecasts with a horizon of 72 h. This
forecast system has two modules: one on the outside of the
harbor and one on the inside. The outside module covers an
area of 25 km × 25 km, and it is nestled within the PORTUS-
wana forecast system. The heights of the forecasted waves that
directly impact against the breakwater are used to compute the
overtopping, with the formula presented in Franco and Franco
(1999). The sea-level height, forecasted with the same horizon,
is considered, as well. The threshold for the overtopping at the
selected section is 10–4 m3/s/linear meter.
A PdE downstream service, called CMA (Cuadro de Mando
Ambiental) includes an early warning system that is triggered
when the forecasted value of a series of oceanographic parameters
exceed predefined threshold values. It is implemented in almost
every state-owned port of Spain (Álvarez-Fanjul et al., 2018). The
local wave forecast application, which is implemented for the
Barcelona Harbor, includes the evaluation of wave overtopping
for the different breakwaters, specifically for the vertical wall in
Nova Bocana. The forecast is compared to observations by a
webcam installed in Barcelona Harbor, as well as to a reanalysis of
the overtopping. The reanalysis is computed with reanalysis wave
heights and sea levels.
Historical Performance of Several
Reanalysis Models and Relevance of
Storm Gloria
The historical performance of different reanalysis models is
compared to each other, in order to assess the performance of
the PORTUS-wana wave reanalysis model, as well as to see the
suitability of each model to specific conditions. The features of
each model are presented, and standard statistics (the root mean
squared error, the scatter index, the results of the best linear
fit, and the correlation coefficient) are given for 2006–2018. We
have studied five possible reanalyses in the area: the CMEMS
wave hindcast corresponding to Mediterranean Sea (MED)4 and
Iberia–Biscay–Ireland (IBI)5 areas, the ERA5 (fifth major global
reanalysis produced by ECMWF) wave reanalysis6, the wave
model analysis data from the PORTUS reanalysis System (wana),
and the new PORTUS reanalysis made recently by PdE, forced
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Moreover, despite that the buoys in the area have had
high data coverage (about an average of 90%), even with
proper maintenance, some data are lost every year, due to
accidents, sensor malfunctions, or ordinary planned maintenance
operations. Thus, observations have been compared with
PORTUS-ERA5 model values, which cover the whole period
and can fill in the gaps. It serves to verify the relevance
of Storm Gloria.
Analysis of Extreme Wave Heights
It is aimed to assess the odds of this type of extreme wave heights.
Hence, in the case it was necessary, it will proceed to redefine
the return periods associated with the maximum wave heights in
the study area. Analyses are carried out on two sets of data: (a)
the time series that is available up to the year 2019 (before storm
Gloria) and (b) a complete time series (including Gloria).
One of the main concerns on an extreme wave analysis is the
choice of the threshold. The act of discerning a stormy period
from a calm period can highly influence the number of extreme
events within a sample. The threshold is empirically decided,
upon a trade-off between statistical significance of the sample
and the goodness of fit to a probability distribution function
of extremes. Once a proper threshold is defined, these extreme
values can be fit through a peak over threshold (POT) approach
(Cañellas et al., 2007), along with the 3-parameter Weibull
distribution to PdE-moored buoys. In literature, other methods
had been proposed. For instance, monthly maxima of significant
wave heights can also be modeled through a generalized extreme
value (GEV) probability distribution function (Sartini et al.,
2017). The advantage of the POT over the GEV is that more than
one peak can be accounted per year in the former, whereas only
one peak per year can usually be considered, in the latter. The
3-parameter Weibull distribution can help obtain a return period
for each possible wave height.
RESULTS
Synoptic Description of the Storm
Storm Gloria was a severe event that took place between January
18th and 23rd 2020, affecting areas of Spain and France. Its
impacts were intense winds up to 140 km/h, extreme waves,
and heavy precipitation and snow. It had a configuration of
atmospheric pressures, with a high over the European continent
and a small low over the South-Western Mediterranean. This
situation is well described in the AEMET Report (2020).
On January 18th at 00UTC, at 500 hPa (Figure 2A), an intense
upper-level trough could be observed in the North Atlantic,
moving toward Europe. Another weak upper-level trough was
situated in France, and a ridge was located in the middle. During
January 19th, the intense upper-level trough moved toward the
southeast and the upper-level ridge was intensified. At the same
time, the upper-level trough over France was deepened and it
moved toward the Iberian Peninsula. It eventually established
itself over the Spanish Mediterranean coast (Figure 2B).
On January 19th, a low-pressure center at surface level
was situated between Nao Cape and Ibiza Island, which
are on either side of the Gulf of Valencia. This surface
low was not quite deep (1,011 hPa in the center), but a
strong high-pressure system situated over the British Islands,
recording a historical value of 1,050 hPa in the center (highest-
pressure value registered by the Met Office since 1957),
promotes a strong pressure gradient (Figure 2C). The synoptic
situation can be appreciated in the satellite image displayed in
Figure 2D.
A strong pressure gradient was established between South
France and the Balearic Islands, promoting strong winds and
high waves in the Mediterranean area. On January 19th and 20th,
wind gusts sped up to 108 km/h in Barx (Province of Valencia,
Community of Valencia) in January 19th to 115 km/h in Oliva
(same province as Barx) on January 20th and to 110 km/h in
Capdepera (Balearic Islands) on January 19th.
The intense upper-level trough was centered over the Iberian
Peninsula on 20th January (Figure 2E). It was associated
with cold air in 850 hPa, leading up to unstable conditions
and great potential instability over the Mediterranean area
of Spain. The pressure gradient was intensified, as can be
observed in Figure 2F. In the next days, the upper-level
trough was disconnected from the main westerly circulation,
becoming an intense cutoff low-pressure center over the Iberian
Peninsula. This configuration favored a south-easterly flow
over the Iberia Mediterranean coast and the Balearic Islands,
providing great amounts of humidity and rainfall. The warm
and moist unstable air, in addition to the orography near the
coast, established a perfect triggering mechanism for deep-
convection development. According to the observation system
of AEMET, this resulted in heavy precipitation and flash floods
in several Spanish Mediterranean towns: Horta de Sant Joan
(Tarragona province in Catalonia), registered 227.4 mm on
January 21st, and Lluc, Escorca (Balearic Islands), registered
156.4 mm on January 20th, just to mention a few. The
mean maximum daily precipitation had been 50–100 mm
in most of the Spanish Mediterranean coast, as well as the
Balearic Islands.
During January 20th, Gloria moved toward the southwest.
It was located over the Alboran Sea (between Spain and
the African Continent, approximately at 36.08◦N, 3.3◦W) and
extended over the southern half of the Iberian Peninsula
and Morocco. This large, albeit thin, low-pressure system
remained in the same position until January 22nd, allowing
for the warm and moist unstable air to continue claiming the
Mediterranean Spanish coast, promoting heavy precipitation and
snow in low levels in Tarragona, Castellón, and Teruel provinces
(located from northern Spanish Mediterranean to middle Spanish
Mediterranean). More details about the atmospheric condition
can be found in Lorente et al. (2021).
Evolution of the Storm: Comparative
Time Series With PORTUS-Wana
Predicted Wave Field Maps, Reanalysis,
and Buoys
Figure 3 shows the forecasted significant wave height fields
provided by the PORTUS-wana wave model at different times.
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FIGURE 2 | (A) ECMWF analysis of geopotential height at 500 hPa (contours in meters) and temperature at 850 hPa (colors in◦C) at 0000 UTC on January 18th;
(B) similar analysis at 1200 UTC on January 19th; (C) ECMWF analysis of mean sea-level pressure (contours in hPa) and 200-hPa wind speed (colors in m/s) on
19th January at 1200 UTC; (D) image MODIS SUOMI-NPP satellite on 19th January at 1200 UTC; (E) ECMWF analysis on 20th January 2020 on geopotential
height at 500 hPa (contours in meters) and temperature at 850 hPa (colors in◦C) on 20th January 2020; (F) mean sea-level pressure (contours in hPa) and 200-hPa
wind speed (colors in m/s) on 20th January 2020.
The figures coincide with the storm peak at Dragonera (a),
Valencia (b), Tarragona (c), and Begur (d). The maximum
value, over 8 m, was reached in Gulf of Valencia, on January
20th. However, extreme wave heights (over a threshold) lasted
longer in Catalonia.
In Figure 4, the evolution of the storm is represented through
comparative time series of the significant wave height (Hm0)
and the mean direction, from the buoys and the PORTUS-
wana reanalysis model. The reanalysis of the Hm0, during
Gloria, differed in less than 1 m from the corresponding
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FIGURE 3 | Map of the significant wave height field provided by the forecast wave system during Gloria at 2020-01-20 02 UTC (A), 2020-01-20 06 UTC (B),
2020-01-20 13 UTC (C), and 2020-01-21 00 UTC (D). They coincide with the storm peak measured at Dragonera, Valencia, Tarragona, and Begur, respectively.
buoy measurements. The only exception was Tarragona. The
model also presented a smoother evolution of Hm0 than the
observations. The predictions in calm periods were smaller
than 0.4 m. The wave direction was more erratic during the
calm period preceding and continuing Storm Gloria, but it
turned predominantly Eastern in Valencia, Tarragona, and Begur,
the three peninsular sites. It was mainly North-Eastern, in
Dragonera. The prediction of the wave direction was practically
coincident with the measurements.
Table 1 shows how the record Hm0 was beaten in these
locations. The Hm0 was extremely high in Valencia and
Tarragona, where major destruction to the coastal areas was
registered. It also did in Tarragona coastal, to a lesser degree. The
only location where the historical record is intact is Mahon, but
extreme Hm0 was reached, as well.
The reanalysis and the observations show the same maximum
wave heights and evolution of the wave heights than the
PORTUS-wana forecast system. The maxima are approximately
8 m, and the duration is longer in Tarragona and Begur.
PdE Wave Forecast Results Showing the
Evolution of the Storm
Evolution of the Forecast With the Different Horizons
From a forecast horizon up to 48 h, the performance
improves with lower forecast horizons (Figure 5). However, the
performance for a forecast horizon equal to 60 or 72 h is better
than the performance for a forecast horizon equal to 48 h. The
prediction of the 2018–2020 series is also better than for Gloria.
For greater prediction horizons, the mean square deviation
and the Hanna–Heinold indicator are larger, denoting greater
variance, so the associated skill scores are negative values with
larger modules (Figures 5C,F). The Hanna–Heinold indicator
does not vary perceptively for Gloria, in comparison to the
2018–2020 series. These skill scores are similar.
Evolution of the Overtopping Alerts
During storm Gloria, overtopping occurred in several sections
of the different breakwaters. The CMA provided warning
notifications to the Port Authority of Barcelona.
At the Nova Bocana section, a camera, owned by the Port
Authority of Barcelona, recorded focusing the vertical wall of the
breakwater, from January 18th to January 23rd. From the review
of the recorded images, the Port Authority has estimated that the
first overtopping event was registered at 2020-01-19 9:40 UTC
(Figure 6A), whereas the last overtopping event was registered at
2020-01-23 7:40 UTC (Figure 6B). This means almost 4 days of
overtopping events in this section.
The first overtopping alert, in Nova Bocana, was raised by PdE
on 2020-01-16 12 h (72 h forecast), and the last overtopping alert
was on 2020-01-23 00 h (12 h forecast). The overtopping was
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FIGURE 4 | Evolution of the spectral significant wave height (Hm0) during storm Gloria, as measured by the buoy in Dragonera (A), Valencia (B), Tarragona (C), and
Begur (D). The reanalyses are also presented. The dates are shown in “day-month-year hour” (UTC). The solid dots are the reanalyses, the lighter dots are the buoy
measurements, the darker arrows are the wave directions from the reanalysis, and the lighter arrows are the observed wave directions (the positive y-axis is 0◦ and
the direction increases clockwise).
TABLE 1 | Record spectral significant wave height (Hm0) reached during Gloria and associated mean period (Tm02), in comparison with historical records.
Buoy Hm0 (m) Gloria Assoc. Tm02 (s) Date time (UTC) Previous Hm0 record Date time (UTC) First mooring
Dragonera 7.97 9.4 2020-01-20 02 6.35 2017-01-17 08 2006-12
Valencia 8.44 9.2 2020-01-20 06 6.59 2017-01-21 20 2005-09
Tarragona 7.62 8.9 2020-01-20 13 6.25 2017-01-21 22 2004-08
Begur 7.85 9.1 2020-01-21 00 7.43 2003-01-31 14 2001-04
Tarragona coastal 4.09 7.5 2020-01-21 20 3.94 2013-02-28 19 1992-11
Mahon 7.97 9.4 2020-01-21 11 8.16 2014-12-09 18 1993-05
The first mooring time is shown as well. In bold font, the absolute record of every buoy.
successfully predicted (Figure 7), with an error below 3 h of the
first recorded event, within 72 h of anticipation. It is forecasted
on January 16th, in the cycle starting at 12 h (Figures 7A,B).
The end of the overtopping was also predicted 72 h in advance
(Figures 7C,D), with an error below 2 h from the last recorded
overtopping event.
The hindcast time series (Figure 8) shows the unusual
overtopping event, with a duration of 4 days and with a
maximum predicted value of 34 liters per second per linear
meter of breakwater.
Historical Performance of Several
Reanalysis Models, and Relevance of
Storm Gloria
The characteristics of every reanalysis are shown in Table 2.
The mean skill scores are shown in Table 3. The CMEMS-
IBI model is the least successful in the comparison. It bears a
significant underestimation. At the same time, the CMEMS-MED
model presents the best results in the skill scores. PORTUS-wana
shows similar numbers – ERA5 and PORTUS-ERA5 present
good results, with high correlation coefficients (0.93–0.94) and
a slope under 0.85. They show a noticeable underestimation.
Considering that PORTUS-wana has not a homogeneous forcing,
CMEMS-MED does not cover storm Gloria, and the weak results
obtained with CMEMS-IBI in the area, these reanalyses are not
selected for this study.
The ERA5, PORTUS-wana, and PORTUS-ERA5 reanalyses
did cover storm Gloria (Table 2). Therefore, PORTUS-
wana is a suitable model to describe and forecast Storm
Gloria. Because PORTUS-ERA5 has a better resolution and
a longer time series, it has been selected to be compared
to the observations, in a historical context. This perspective
has allowed us to verify the exceptional extreme wave
conditions produced by Gloria, with several broken wave height
and period records.
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FIGURE 5 | (A,B) show the scatter indexes averaged over the Mediterranean stations of Spain. (C,D) show the skill scores (based on the mean square deviation)
averaged over the Mediterranean stations of Spain. (E,F) are the skill scores (based on the Hanna–Heinold indicator, instead of the mean square deviation) averaged
over the Mediterranean stations of Spain. The left column is for wind, whereas the right one is for waves. One value is given for every prediction time and time period
(either storm Gloria or the 2018–2020 series).
In the following figure (Figure 9), the time series of significant
wave height (Hm0) are presented. These cover the period
between January 1992 and April 2020. The model values from
PORTUS-ERA5 reanalysis (blue line) cover the whole period,
without gaps. The measurements from the buoys (red dots) are
shown as well, to have a historical perspective.
In two of the positions, Valencia (Figure 9A) and Tarragona
coastal (Figure 9B), it is clear that the values during Gloria,
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FIGURE 6 | Image of camera-recorded overtopping. (A) around time of first overtopping (January 19th 2020) and (B) around time of last overtopping (January 23rd
2020).
obtained by both the buoy and the model, are the highest during
the whole series. The other locations present some previous
strong wave storms, of extreme wave heights, through the
PORTUS-ERA5 reanalysis model.
Analysis of Extreme Wave Heights
As commented above, during storm Gloria, the maximum
significant wave height (Hm0,max) exceeded historical records
(Table 1). The whole record without storm Gloria is fit to a
probability distribution function of extremes. The same record,
including storm Gloria, is fit to another function. It is revealed
that the second, new probability distribution function has
differed from the first one, in a way that the return periods
for the same values have decreased. For instance, in Valencia,
the Hm0,max of 8.44 m was associated with a return period
of 707.7 years; it has been lowered to 37.2 years. Similarly,
in Dragonera, the Hm0,max of 7.97 m (544.4 years) has been
associated with a new return period, of 40.3 years, whereas in
Tarragona, a Hm0,max of 7.62 m (414.7 years) has been associated
with a new return period, of 48.7 years.
DISCUSSION AND CONCLUSION
Infrastructures in the Mediterranean coast, such as seafront
promenades or coastal defenses in Valencia, must be designed
to endure a substantial number of extreme events. However, a
cutting point must be given, as for the return period of such
events. Extremely rare individuals might not be encountered in
even several times the lifetime of the infrastructure, while the
cost of construction would be prohibitive. The same knowledge
can help to ease the management of the rice fields or the natural
habitats in the Ebro Delta. Up to now, new constructions have
depended on knowledge about the historical records of Hm0, but
storm Gloria has beaten those records.
Detailed Description of Storm Gloria
The synoptic conditions in this study coincide with Lopez-
Bustins and Martin-Vide (2020). According to them, Gloria was
short-lived. It did not have a great depression. Actually, the
atmospheric pressure at sea level in Catalonia, one of the most
affected areas, was greater than 1,020 hPa. The through became a
cold drop, a high impact rainfall event occurring in the fall, along
the Spanish Mediterranean coast (Martín León, 2003). The potent
anticyclone over the British Isles reached 1,050 hPa at its center,
on January 19th. It was a record in 300 years in the British region
(Martin-Vide, 2020).
Due to the strong winds, the Hm0 reached historical highs,
all over the Spanish Mediterranean coast (Table 1). However,
there were some slight regional differences. The moorings in
Tarragona coastal and Mahon predate the other buoys, by about
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FIGURE 7 | Forecast of overtopping at Jan/16/2020 12:00 (A), Jan/17/2020 00:00 (B), Jan/20/2020 12:00 (C), and Jan/23/2020 00:00 (D). Time is in UTC. The
location is Nova Bocana, in the Port of Barcelona. The x-axis shows the forecast horizons in hours. The y-axis shows the overtopping in m3/s per linear meter of
breakwater. The yellow line is the threshold to raise an alarm. The red line is the overtopping.
a decade, which should have explained their larger record Hm0,
in history. However, the previous records actually happened in
2013 (Tarragona coastal) and 2014 (Mahon), when the other
buoys were also operating. That is, there could have been
record breaking Hm0 at these other sites, but there were none.
Therefore, the fact that records were barely surpassed or missed
in these two sites, during Gloria, could be a matter of chance.
Here is when a wave reanalysis model can help fill in these
gaps of knowledge.
CMEMS-MED, ERA5, PORTUS-wana, and PORTUS-ERA5
(Tables 2, 3) performed better than CMEMS-IBI, due to a greater
resolution in the wind fields. This is crucial in the Western
Mediterranean, where wind conditions are strongly influenced by
the rough orography. There is a need for a flexible grid size to
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FIGURE 8 | Time series of the hindcasted overtopping (41.36◦N, 2.19◦E). The x-axis shows the time in UTC. The format of the time is “day-month-year hour.” The
y-axis shows the overtopping m3/s per linear meter of breakwater. The blue line is the overtopping, and the red dashed line is the threshold to raise an alarm.
TABLE 2 | Description of the wave reanalysis in the area.
System Resolution Model Start End Forcing Gloria covered
CMEMS-MED 1/24◦ (0.042◦) WAM 4.5.4 01-02-2006 31-12-2018 ECMWF 1/8◦ NO
CMEMS-IBI 1/10◦ (0.1◦) MFWAM 01-01-1992 30-06-2019 ERA Interim 1◦ NO
ERA5 1/8◦–1/10◦ WAM 01-01-1979 24-05-2020 ERA5 YES
PORTUS-wana Variable WAM 01-01-2005 Present AEMET (not homog.) YES
PORTUS-ERA5 1/12◦ WAM 01-01-1992 30-04-2020 ERA5 YES
TABLE 3 | Analysis of the system performance (mean values over the area, same period 2006–2018).
System Bias RMSE SI Slope Offse Corr.Coef
CMEMS-IBI −0.47 0.61 0.62 0.56 −0.04 0.87
CMEMS-MED −0.04 0.25 0.26 0.95 0.02 0.93
ERA5 −0.14 0.30 0.29 0.84 0.04 0.94
PORTUS-wana −0.04 0.31 0.29 0.92 0.03 0.92
PORTUS-ERA5 −0.17 0.29 0.31 0.80 0.02 0.93
RMSE, SI, Slope, Offset, and Corr.Coef represent, respectively, the root mean squared error, the scatter index, the results of the best linear fit, and the correlation coefficient.
adapt to abruptly changing orography. In a historical context, the
chosen model, the PORTUS-ERA5 reanalysis model, produces
peak Hm0 at the same moment as occurs in the observations,
most of the time, like in Valencia or Tarragona coastal buoy.
Therefore, it can provide some insight into historical high Hm0.
In Tarragona (Figure 9C) and Dragonera (Figure 9D), the
buoys recorded historical wave heights during Gloria, but the
PORTUS-ERA5 reanalysis model shows a greater value during
a storm in November 2001. It was produced by a strong
cyclogenesis (Arreola et al., 2003). For these two locations, the
fact that the wave height record was beaten during Storm Gloria
might be only due to the shortness of the time series.
At the Begur buoy (Figure 9E), the greatest Hm0 of the model
series (7.1 m) occurred in December 2008. However, the buoy
was not measuring by then. Although the highest value of the
buoy series was recorded during Gloria, it is possible that had the
buoy been active during December 2008, the observations would
have been greater than the value during Storm Gloria. Sánchez-
Arcilla et al. (2014) described similar pressure centers than Storm
Gloria, for December of 2008, with its consequent similar strong
easterly winds. The XIOM Catalan regional network measured a
Hm0 equal to 5 m at Blanes (40 km south of Begur). The wave
height in Begur is usually higher than in the region comprising
Blanes (Lin-Ye et al., 2016). It is possible that Hm0 at Begur was
about 8 m. The wave direction was mostly easterly. In the case
of Mahon, the buoy record, measured in December 2014, has not
been surpassed, and the model shows several values greater than
the obtained during Gloria (Figure 9F).
Therefore, Storm Gloria had some powerful predecessors.
Nevertheless, by examining both the buoy and the reanalyzed
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FIGURE 9 | Significant wave height time series (1992–2020) for Valencia (A), Tarragona coastal (B), Tarragona (C), Dragonera (D), Begur (E), and Mahon (F). Buoy
measurements are represented by red dots and model PORTUS-ERA5, by a blue line.
TABLE 4 | Table showing the year of mooring, the maximum significant wave height (Hm0,max), the corresponding wave direction, the threshold to select the Hm0 for the
analysis of extremes, the return period that would be assigned to the Hm0,max, before storm Gloria, and the return period that would be assigned to it after storm Gloria.
Buoy Year of mooring Hm0,max Gloria
(m)/direction




Valencia 2005 8.44/55◦ 3.0 707.7 37.2
Tarragona 2004 7.62/78◦ 3.0 414.7 48.7
Begur 2001 7.85/67◦ 4.5 31.8 19.4
Dragonera 2006 7.97/27◦ 4.0 544.4 40.3
Mahon 1993 7.97/96◦ 4.5 16.1 13.7
Tarragona coastal 1992 4.09 m 2.0 43.9 29.6
time series, it can be concluded that storm Gloria produced one
of the most severe wave storms in the last three decades, in
the Balearic Sea. Gloria was especially severe in the area of the
Gulf of Valencia.
The associated mean wave period (Tm02), recorded at the
peak of the storm, shows extraordinarily high values. It was over
9 s, in four of the six locations. In Tarragona and Tarragona
coastal buoys, the maximum value for Tm02 arrived some hours
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after the storm peak, reaching 9.1 and 8.7 s, respectively. These
values have set new records, also, in the Tm02 for Valencia,
Tarragona, Tarragona coastal, and Begur buoys. This makes sense
in the Western Mediterranean, where the Hm0, Tp, and duration
present a significant dependence (Lin-Ye et al., 2016).
It is necessary to be aware of the uncertainty in the estimation
of Hm0 and Tm02. It is due to the statistical variability. Several
studies had been centered on this issue (Goda, 1977, 1988,
2010). Despite the oftentimes complication in quantifying this
uncertainty, it is estimated to be around 5%. These data have
been processed on board, by the buoys themselves, and have been
transmitted in real time. In every session of maintenance, the raw
data (high-frequency time series) are recovered and are further
reprocessed through an exhaustive quality control, at PdE. This
might cause the definitive historical data in the PORTUS database
(PdE) to vary from the real-time data.
The extremely high Hm0 had additionally beaten the record
for duration. The wave Hm0 above 5 m lasted 39 h when the usual
duration of such high waves is of about 12 h. This helped Storm
Gloria to be more destructive, for instance, than the event in
January 2017. There were severe damages to harbors and seaside
constructions. These were already damaged during the storm that
passed some months earlier, called Dora (Pérez-Gómez et al.,
unpublished). Furthermore, the storm duration for Gloria was
clearly out of range, in the rubble-mound breakwater design
formulas. For instance, the widely used formula of Van der Meer
(1995), and CIRIA et al. (2007) implies less than 7,500 waves per
storm. In the case of Gloria, if it is assumed a significant wave
height of 5 m for 50 h, and a mean wave period of 8 s, then the
number of waves is (50 h/8 s)∗3,600 s = 22,500 waves. Therefore,
the number of waves during Storm Gloria was clearly out of the
range of the current design formulations. Hence, there had been
severe damage to rubble-mound breakwaters. One example of
many, to verify this point, is the dique de Levante and l’Escullera
promenade, at the Tarragona harbor (Diario del Canal, 2020).
The double-peaked (bimodal) wave spectra are typical of
the Catalan coast. These are often observed under strong
northwestern winds, in combination with offshore easterly or
southerly winds (Sánchez-Arcilla et al., 2008). Such northerly
winds were not present, during Storm Gloria, but these are
common. In the presence of these winds, river valleys would be
particularly affected by this kind of waves. In the Ebro Delta,
bimodal spectra can occur more than 50% of the time. Such form
of waves complicates, for instance, the prediction of sediment
transport and morphodynamic evolution.
The wave heights might have had been affected by
concomitant currents. For instance, in the Ebro Delta, there
might have been an interaction between high incoming waves,
intense Ebro river outflow currents (reinforced by rain),
and the wind-forced flow to the south-west, over the inner
continental shelf (Lorente et al., 2021). High-frequency radars
can help detect this interaction, as well as to complement the
buoys in the monitoring of extreme coastal hazards in near
real time.
The surface current velocity itself also broke records. The
current simulated by CMEMS-MED shifts to a more easterly
storm surge, so it impacted frontally on the Catalan coast
(exceeding 1.2 ms−1) (Sotillo et al., 2021). Thus, waves can
directly contribute to extreme surge levels (Charnock, 1955;
Melet et al., 2018). During Gloria, the extreme wave height
was the main cause of damage, but the storm surge, worsened
by the extreme waves, could have added to it (Pérez-Gómez
et al., unpublished). The moments of maximum wave height
(storm peak) do not need to coincide with the moment of
maximum surge height (surge peak). It did not happen, at least,
during Storm Gloria.
The record duration led to heavy overtopping (Figure 6).
A hindcast of the overtopping (Figure 8) shows its exceptionally
great volume. It added up to the heavy precipitation and the
increase in surge. The surge was actually not as high in Barcelona
and Valencia as during November 2001. Had the surge been
extreme, the overtopping would be even worse. However, total
sea level has risen since 2001, so the damage had been more
severe, in 2020, than in 2001. Other consequences of high waves
are the run-ups, which add up to destruction. It was highest
for higher waves and steeper slopes, so it affected Northern
Spanish Mediterranean coasts, rather than the Southern ones. An
extensive analysis of the impact of Storm Gloria can be found
in Centro de Estudios y Experimentación de Obras Públicas
[CEDEX] (2020).
Waves, as high-frequency sea water surface oscillations, can
affect the performance of tidal gauges (Lin-Ye et al., 2020). Much
energy is concentrated in the higher-frequency water levels,
which are currently not fully captured by existing sensors. The
reason is the methodology to compute the 1-min products for
total sea level. A future implementation of medians, to produce
such products, will reduce this drawback.
In addition to the waves, the rain also caused a drastic, record-
breaking, drop in sea surface temperature and salinity. This
was measured in Tarragona coastal buoy (Sotillo et al., 2021).
A dramatic gradient in sea temperature and salinity can cause
damage, for instance, to local biota, which are vulnerable to such
parameters (Fernández-Torquemada and Sánchez-Lizaso, 2011).
Validation of the Forecast Model and
Redesign of the Return Period
The reanalysis and the observations showed how the forecast did
predict satisfactorily the peak of the wave height. It happened
on January 20th, at different stations in the Gulf of Valencia.
The longer duration of extreme wave heights in Tarragona
and Begur, which were correctly forecasted, are consistent with
current knowledge on wave storms in Catalonia (Lin-Ye et al.,
2016). There was a steep growth of the significant wave height
in Dragonera and Valencia (Figures 4A,B, respectively). Then,
the Hm0 decreased more gradually than it increased. The growth
for Tarragona and Begur (Figures 4C,D) was more sustained,
increasing at a similar rate than it decreased. These types of
evolution of the Hm0 are typical of this region.
Some reasons for the difference of waves between (reanalysis
and forecast) model and observations were the following.
HARMONIE-AROME overestimated the winds during Storm
Gloria. Such severe wind overestimation led to a moderate wave
overestimation. From an operational point of view, such wind
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overestimation is preferable than underestimation, because wave
models tend to underestimate due to two main reasons: (i)
wind-wave growth parameterization and (ii) numerical diffusion
in the propagation scheme. Additionally, HARMONIE-AROME
assimilates wind observations from land stations, but it lacks
observations over the ocean. Accordingly, if they assimilated
data from the ocean in situ stations, wind fields may be more
consistent along the coastal fringe.
Extreme waves may influence ocean surface roughness and
the drag coefficient (Wu et al., 2017). The present version of
PORTUS-wana considers an exchange of energy from wind
momentum to ocean waves, but there is no feedback to
the atmospheric model. When addressing atmosphere-wave
model coupling, the roughness coefficient is more consistent.
For instance, Lársen et al. (2017) coupled the atmospheric
model WRF and SWAN with a momentum roughness length
parameterization (Fan et al., 2012). This formulation tends to
lower drag coefficients, under wind speeds up to 20 m/s, than
other formulations, such as Beljaars (1995). More recently,
Wiese et al. (2020) analyzed the internal variability of a coupled
atmosphere and wave system for the North and Baltic Sea
(GCOAST). They showed that coupling reduced the internal
variability on both models, plus having a better agreement with
in situ and satellite data.
In addition, a cause of possible under/overestimation of wave
heights might be the local currents that may reduce/enhance the
waves, depending on the relative direction of the two. Similar
directions of the currents can reduce the resulting wave heights,
whereas opposite directions can enhance them. The direction of
the wind-induced currents, during Storm Gloria, was similar to
the mean wave direction (Sotillo et al., 2021). On the contrary,
the Ebro River outflow currents had an opposite direction to
the waves (Lorente et al., 2021). Hence, a suitable option for
modifying the overprediction of the wave heights may be to
couple a circulation model with PORTUS-wana.
The wave direction provided by the model coincided
significantly to the measured one. The predominance of eastern
waves is well reproduced by the PORTUS-wana reanalysis model.
Interestingly, it was mentioned in Lorente et al. (2021) that the
wave directions led to easterly currents.
The performance of the forecast model (Figure 5), for a
forecast horizon equal to 60 or 72 h, had been better than
the performance for a forecast horizon equal to 48 h, because,
up to 48 h, the model uses AEMET’s HARMONIE-AROME
wind forcing with a resolution of 2.5 km. At 60 and 72 h,
the forcing used is the wind from ECMWF’s HRES model,
with a resolution of 10 km. The ECMWF forcing, which has
a greater range, is slightly more precise than AEMET’s forcing,
at the boundaries.
The scatter index of the prediction of wind during Gloria
is 10–15% lower (model is less precise) than the prediction of
the wind during the 2018–2020 series (Figure 5A). The scatter
index of the prediction of waves during Gloria is about 5–
10% lower than the prediction of the wave during the 2018–
2020 series (Figure 5B). This reflects on the overestimation of
winds and the consequent waves, during the event. ECMWF’s
HRES model is also better at providing the wind forcing than
AEMET’s HARMONIE model, at least for prediction horizons
above 48 h. This improvement of ECMWF’s HRES over AEMET’s
HARMONIE is diluted in the prediction of the waves.
The skill score, which is based on the mean square deviation,
shows a significantly worse prediction during Gloria than during
the 2018–2020 series. The skill score for wind can be 1.5 points
lower (model is less precise) than during the reference time
(Figure 5C). The skill score for waves can be 7 points lower
than during the reference time (Figure 5D). The Hanna–Heinold
indicator is a corrected mean square deviation. Here, it does
not vary, either for wind (Figure 5E) or for wave (Figure 5F).
Therefore, Figure 5 shows that the model predicts wind and wave
with a similar precision than for the 2018–2020 series.
It has been demonstrated that some Hm0 that seemed extreme
and rare are actually more average than expected (Table 4). The
return periods of Hm0 in the area should be updated, according
to what happened during Gloria. Some Hm0 that had an average
return period of several centuries, in Valencia, Tarragona, and
Dragonera, are in fact expected in an average of half a century.
The return periods are prone to be updated by extreme events in
an increasingly long time series of observations. The convergence
of the function of probability distribution is yet to be achieved.
However, Storm Gloria presents wave heights that are at the
frontier of the physical possible in the Western Mediterranean,
in accordance with historical written records. There is a necessity
of redesigning the new maritime infrastructure, for instance, with
more resources, in order to make them robust against these Hm0,
which are more common than previously thought.
Conclusion
Extreme wave heights, duration of extreme waves, and
overtopping were encountered during Storm Gloria, in the
Spanish Mediterranean coast. The wave height, in particular,
had been significant in the history of the in situ measurements
and the reanalyzed time series. The early warning system in PdE
is working correctly to alert against such extreme wave events.
Wave forecast and early warning systems require constant, 24/7,
maintenance and improvement. There is a need to make sure
that all entry data are fed correctly, that the model has the proper
parameters, and the results need to be validated. It is necessary to
have access to powerful computers, as well as skilled personnel.
This system has been updated with an improved return period of
extreme wave heights.
The best way to ensure accurate return periods is to
have enough extreme events in the sample. Thus, long-term
monitoring is deemed essential. Every time an extraordinary
event is observed, it might be necessary to fit the probability
distribution function, again, to these new data.
The observations are provided by the buoy networks. The
main purposes of the buoy networks are to monitor the Spanish
waters, in real time, and to store all the data measured in the long
term, for climatic characterization. For both aims, it is essential to
have reliable sensors, to maintain them properly and periodically,
to apply to the data an effective, real-time quality control, and
to perform scientific validation in a regular basis. The users of
the data, provided by the wave forecast system and the buoys,
are in a wide range within the maritime sector. Only a constant
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development of these systems can help them along their daily
economic, social, and environmental activities.
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